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Abstract Proﬁles of lipid-water bilayer dynamics were
determined from picosecond time-resolved ﬂuorescence
spectra of membrane-embedded BADAN-labeled M13
coat protein. For this purpose, the protein was labeled at
seven key positions. This places the label at well-deﬁned
locations from the water phase to the center of the hydro-
phobic acyl chain region of a phospholipid model mem-
brane, providing us with a nanoscale ruler to map
membranes. Analysis of the time-resolved ﬂuorescence
spectroscopic data provides the characteristic time constant
for the twisting motion of the BADAN label, which is
sensitive to the local ﬂexibility of the protein–lipid envi-
ronment. In addition, we obtain information about the
mobility of water molecules at the membrane–water
interface. The results provide an unprecedented nanoscale
proﬁling of the dynamics and distribution of water in
membrane systems. This information gives clear evidence
that the actual barrier of membranes for ions and aqueous
solvents is located at the region of carbonyl groups of the
acyl chains.
Keywords Membrane-embedded M13 coat protein 
Streak camera picosecond ﬂuorescence 
Dynamic stokes shift  Solvent relaxation 
Membrane polarity  Membrane-bound water
Abbreviations
BADAN 6-Bromo-acetyl-2-dimethylamino-naphtalene
HB Hydrogen bonding
LD Label dynamics
PICT Intramolecular charge transfer state with planar
conformation
SR Solvent relaxation
TICT Intramolecular charge transfer state with
twisted conformation
Introduction
To understand the machinery of life at the molecular level,
we need information about the structures, interactions and
dynamics of biomolecules and other cellular components.
All biomolecular interactions are mediated by the dynam-
ics of the ubiquitous biosolvent water (Persson and Halle
2008). Particularly challenging in this respect is the
behavior of molecules at interfaces, especially membranes
(Wood et al. 2007). Membranes play a key role in com-
partmentalizing a biological cell, but also many biological
functions are derived from biological membranes.
The more you see: spectroscopy in molecular biophysics.
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leads to polarity and hydration proﬁles across it, which are
fundamental in maintaining the membrane’s architecture as
well as in transport and insertion processes (Epand and
Kraayenhof 1999; Klymchenko et al. 2004;S y ´kora et al.
2007). This work is based on solvent relaxation (Jurkiewicz
et al. 2006;S y ´kora et al. 2007), i.e., the ﬁnding that the
excited state of ﬂuorescent probes is sensitive to the ability
of the surrounding water molecules to dielectrically stabi-
lize the ground and excited state dipoles of the probe
(Lakowicz 2006). In addition, hydration-water dynamics is
an important factor for the lipid dynamics and the
dynamics of the membrane-embedded proteins (Wood
et al. 2007).
Only a few experimental techniques can monitor the
structural and dynamical behavior of water molecules at
membrane and protein interfaces. Powerful techniques are
NMR relaxation experiments that provide information
about the state of water over a large dynamic range from
picoseconds to even hours (Halle 2004; Persson and Halle
2008) and neutron scattering, which reveals motions on the
nano- to picosecond time scale (Jasnin et al. 2008; Wood
et al. 2007). Terahertz (THz) spectroscopy is another
experimental method that is able to detect water network
dynamics at the biomolecule-water interface, and it can
report on distance scales beyond current NMR experiments
(Ebbinghaus et al. 2008; Ebbinghaus et al. 2007). The
analysis of such experimental data is often supplemented
by molecular dynamics simulations that explicitly take into
account solvent water molecules (Ebbinghaus et al. 2007;
Oleinikova et al. 2007; Wood et al. 2007). Recently, the
hydration dynamics at a protein surface was mapped out by
ultrafast spectroscopy of site-speciﬁc introduced trypto-
phans of various mutants of sperm whale myoglobin
(Zhang et al. 2007). This work resulted in two distinct
dynamical regimes: one with dynamical timescales of
1–8 ps, the other around 20–200 ps. These regimes are
strongly correlated with the protein’s structure and com-
position, conﬁrming an intimate relationship between
hydration dynamics and protein ﬂuctuations.
In the past years, we have been using steady-state
ﬂuorescence spectroscopy on site-directed ﬂuorescent-
labeled M13 coat protein (a reference membrane protein)
reconstituted in phospholipid bilayers to determine its
structure and membrane embedment (Koehorst et al. 2004;
Nazarov et al. 2007; Vos et al. 2005; Vos et al. 2009; Vos
et al. 2007). As a result, the depth of protein insertion,
orientation and tilt of the almost straight a-helical protein
with respect to the bilayer interface are now known with
great precision (Nazarov et al. 2007; Vos et al. 2007).
These results are in excellent agreement with recent ﬁnd-
ings from site-directed spin label ESR experiments on the
same system (Stopar et al. 2006b). By knowing the
membrane-bound structure of M13 coat protein, we now
have the challenging opportunity of placing ﬂuorescent
polarity and viscosity probes at well-known positions in the
protein and at well-known distances with respect to the
phospholipid-water bilayer interface to examine the local
membrane and/or protein properties. A ﬁrst step to such an
approach is described in our recent paper, where we
employed the BADAN label in a steady-state ﬂuorescence
study (Koehorst et al. 2008). Since BADAN has a rela-
tively short linker to the protein backbone and shows
interesting photophysical properties related to the Stokes
shift contributions from water and internal label dynamics,
it is a very suitable candidate for such a study.
Previously, we demonstrated that decomposition of the
BADAN ﬂuorescence spectrum allows the parameters
related to polarity and dynamics to be extracted (Koehorst
et al. 2008), e.g., the relative intensity of one spectral
component is related to the ﬂexibility of the environment,
while the red-shift of another spectral component is rela-
ted to local polarity. In the present paper, we will focus on
the dynamical properties of BADAN-labeled M13 coat
protein by using time-resolved ﬂuorescence spectroscopy
to provide unprecedented nanoscale proﬁling of the
molecular dynamics and local polarity in protein–lipid–
water systems. For this purpose we place BADAN probes
covalently attached to membrane-embedded M13 coat
protein at well-deﬁned locations inside and outside
phospholipid bilayers (see Fig. 1) and use an ultrafast
picosecond streak camera setup to measure the BADAN
time-resolved ﬂuorescence emission spectra. The location
of the BADAN probes in the protein–lipid system is well
deﬁned, which arises from the fact that the protein is
strongly anchored to the bilayer interface at its C-terminal
domain (Stopar et al. 2006a). We take BADAN-labeled
mutants with seven key positions from the N-terminal
domain to the center of the transmembrane domain, pro-
viding locations in the water phase (G03C), close to the
headgroup region at the N-terminal protein domain
(A07C), just above and below the headgroup/acyl chain
interface (A18C and A25C, respectively), in the center of
the hydrophobic acyl chain region (V29C and G38C), and
at the headgroup/acyl chain interface above the anchoring
C-terminal domain (T36C) (Koehorst et al. 2008;
Koehorst et al. 2004; Nazarov et al. 2007). In the present
study, we use a streak-camera setup to study the BADAN
ﬂuorescence and analyze the time-dependent emission
spectrum in terms of a two-component excited-state
model, related to its planar (PICT) and twisted intramo-
lecular charge transfer (TICT) state. We show that our
analysis enables separating contributions by conforma-
tional relaxation from the PICT to the TICT state as
governed by the label dynamics, hydrogen bonding to
local water molecules, and a general solvent relaxation.
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Sample preparation
Site-speciﬁc cysteine mutants of M13 major coat protein
(G03C, A07C, A18C, A25C, V29C, T36C, and G38C)
were prepared, puriﬁed, and labeled with 6-bromoacetyl-
2-dimethylaminonaphthalene (BADAN; Invitrogen, Molec-
ular Probes, Carlsbad, CA) in a similar manner to that
described previously (Koehorst et al. 2008). BADAN-
labeled M13 coat protein mutants were reconstituted into
phospholipid bilayers as reported earlier (Spruijt et al.
1989). This sample preparation procedure yields small
unilamellar vesicles that have a low scattering in the
ﬂuorescence decay experiments.
The phospholipid 1,2-dioleoyl-sn-glycero-3-phospho-
choline (18:1PC) was purchased from Avanti Polar Lipids
(Alabaster, AL) and 1,2-dioleoyl-sn-glycero-3-[phospho-
rac-(1-glycerol)] (18:1PG) was purchased from Sigma
(St. Louis, MO). Mixed lipid bilayers (small unilamellar
vesicles with a diameter of *50 nm) were prepared of
18:1PC and 18:1PG in a 4:1 (mol/mol) ratio, which will be
denoted as mixed PC/PG. Highly diluted samples were
prepared with a mutant protein concentration of *1 lM.
The lipid-to-protein ratio of the samples was *1,500.
Streak camera ﬂuorescence measurements
For ﬂuorescence decay measurements on a picosecond
time scale, mode-locked lasers and a streak camera were
used. Reconstituted protein–lipid samples were contained
in 1-ml cuvettes. The measuring time for each sample was
20 min. For a detailed description of our streak camera set-
up, see Van Oort et al. (2009). For the present study, we
used vertically polarized 400 nm (*200 lW). The ﬂuo-
rescence signal was passed through a 408-nm long-pass
ﬁlter (Schott KV 408). The spectrograph was equipped
with a turret carrying a ruled grating with 40 grooves/mm
and blaze wavelength 500 nm. The spectral width was
*320 nm with the central wavelength set at 500 nm. The
time window used was 2,100 ps. The instrument response
time was about 3 ps. Scale, linearity, back sweep and
curving of the time and wavelength axes were extensively
treated in correction procedures (Van Stokkum et al. 2008)
using references as Fabry–Perot etalons, ﬁxed wavelength
light sources, and a white light reference source (Optronic
Laboratories, Orlando, FL model 65A ultra precise current
source with model OL 220C 200 W quartz halogen tung-
sten lamp). The result is a two-dimensional ‘‘image,’’ with
time on the vertical and detection wavelength on the hor-
izontal axis.
Reconstruction of artifact-free streak camera images
The images were corrected for dark current and shading
(time and wavelength dependency of the sensitivity) of the
camera. Subsequently, the images were ﬁtted by a global
analysis procedure (Van Stokkum et al. 2008). In the
analysis, four lifetimes and accompanying decay-associ-
ated spectra, plus a Raman scatter component, were needed
to describe the data. The instrument response function
(IRF) was modeled with a Gaussian function. Also the
wavelength dependence of time zero (resulting from dif-
ferences in arrival time of photons of different wavelength)
was taken into account in the ﬁt procedure. From the
estimated four lifetimes and accompanying decay-associ-
ated spectra, so-called artifact-free images on wavenumber
scale were reconstructed. The resulting images were ana-
lyzed by ﬁtting with time-dependent spectral line shape
components using the program IGOR Pro 3.13 (Wave-
Metrics, Lake Oswego, OR). In the course of this ﬁtting
analysis, it was found that excellent robust ﬁts could be
obtained by using two line shape functions: (1) a
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Fig. 1 Location of BADAN-labeled M13 coat protein mutants with
respect to the water-membrane interface: in the water phase (G03C),
close to the headgroup region at the N-terminal protein domain
(A07C), just outside (A18C) and inside (A25C and T36C) the
hydrophobic acyl chain region, and in the center of the hydrophobic
acyl chain region (V29C and G38C). The ellipses represent the lipid
headgroups and the center of the membrane is indicated by a dashed
line
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123symmetric Gaussian line shape, and (2) an asymmetric
Gaussian (skewed Gaussian or lognormal line shape)
(Burstein and Emelyanenko 1996), having a ﬁxed asym-
metry of 0.65 (see section ‘‘Results and Discussion’’ for
reasons to choose these line shapes). The decay-associated
spectra that emerge from the global analysis reconstruction
have regions of negative amplitude on the red side of the
emission peak, conﬁrming relaxation processes in our
system.
Results and discussion
Streak camera detected time-resolved ﬂuorescence and
image reconstruction
As typical examples, experimental streak images (only
corrected for dark current and shading) of BADAN-labeled
mutants G03C and V29C are presented in Fig. 2a and b,
respectively. By the global analysis procedure described in
the previous paragraph, images were all ﬁtted well using
four lifetimes. The reconstructed images of mutants G03C
and V29C are presented in Fig. 2c and d, respectively. The
total time over which the images are reconstructed is 3 ns.
The images clearly show that the ﬂuorescence maximum is
shifting in time for a mutant with the BADAN label at the
water headgroup interface (mutant G03C, Fig. 2c), while it
remains almost constant for a mutant having the label in
the center of the hydrophobic acyl chain region (mutant
V29C, Fig. 2d). This is related to the fact that BADAN at
position 3 is surrounded by dipolar water molecules. These
local water molecules can reorient after formation of the
excited BADAN state (charge transfer state with a strong
dipole moment), thereby lowering its energy. This is called
solvent relaxation (SR). In addition, water molecules may
also form hydrogen bonds to BADAN, and the BADAN
moiety itself may undergo a conformational change from a
relatively planar to a relatively twisted excited state. Both
hydrogen bonding (Artukhov et al. 2007; Balter et al.
1988; Chapman et al. 1995;J o ´zefowicz et al. 2005;
Parasassi and Gratton 1995; Rowe and Neal 2006;
Samanta and Fessenden 2000; Viard et al. 1997) and
conformational twisting (Abbyad et al. 2007; Lobo and
Abelt 2003; Parusel et al. 1998; Vincent et al. 2005) were
found to contribute to the relaxation of the ﬂuorescence of
the well-known lipid probes PRODAN and LAURDAN,
whose chromophore moieties are identical to that of
BADAN.
Fig. 2 Experimental (a, b) and
reconstructed streak camera
images (c, d) of BADAN-
labeled M13 coat protein
mutants having the label in the
polar (G03C, a and c) and
hydrophobic core (V29C, b and
d) region of mixed PC/PG
phospholipid bilayers. Note that
the horizontal axis of the
experimental images is on a
wavelength scale (340–660 nm)
and the vertical axis is 2,100 ps
650 Eur Biophys J (2010) 39:647–656
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The reconstructed ﬂuorescence images are further analyzed
in terms of time-dependent BADAN ﬂuorescence spectra.
In our previous work, steady-state spectra of BADAN were
ﬁtted to a set of three Gaussian-shaped components of
which two had a ﬁxed spectral position (Koehorst et al.
2008). In this paper we demonstrate that the time-resolved
spectra can be ﬁtted well to two components of Gaussian
line shape, however, both show time-dependencies of their
position. The time-dependency of the intensity of the
(relatively) low energy component shows an ingrowth that
correlates well with part of the decay of the high-energy
component.
For the analysis of the streak images at each time, the
ﬂuorescence spectrum is considered to be a superposition
of two spectral line shapes: (1) an asymmetric Gaussian
(lognormal) line shape associated with an un-relaxed state
with relatively weak charge transfer character and (2) a
symmetric Gaussian line shape associated with a relaxed
state with an increased charge transfer character. The
choice of these line shapes is supported by a similar ﬁnding
for PRODAN ﬂuorescence in heterogeneous environments
of different polarity. It was found to consist of two sub-
spectra with different lognormal line shapes. An asym-
metric line shape was ascribed to PRODAN in a
hydrophobic environment and a symmetric line shape to
PRODAN in a nonviscous polar environment (Sachl et al.
2008). Further support for the chosen spectral line shapes
comes from ﬂuorescence of tryptophan, an intrinsic
polarity probe of proteins. In the small protein mellitin, at a
membrane-water interface, the tryptophan ﬂuorescence
shows a line shape that gradually becomes more symmetric
in time with a clear role of hydration dynamics (Qiu et al.
2005). To avoid problems arising from correlations
between the ﬁt parameters, we ﬁxed the asymmetry of the
lognormal line shape of the high-energy component and the
width of the Gaussian line shape of the low-energy
component. The asymmetry of the lognormal line shape
was ﬁxed at 0.65, which is the value found for BADAN
attached to mutants with cysteine positions close to the
hydrophobic center of the bilayer (i.e., V29C and G38C),
where the low-energy component is (almost) absent. The
width of the Gaussian line shape was ﬁxed at 2,200 cm
-1,
which is the value found for BADAN attached to mutants
with cysteine positions in the polar water phase (i.e.,
G03C) after 3 ns of relaxation. For all mutants, this
approach leads to high-quality ﬁts as indicated by the
residue plots for the 600-ps spectrum (Fig. 3). The residues
for the 30-ps and 3-ns data have a comparable quality.
Label dynamics
Both the spectral intensities and the positions directly after
excitation differ with label position. Furthermore they
change as a function of time (Fig. 4). For the PICT state we
present the position  mP0 directly after the excitation pulse,
i.e., at t = 1.5 ps. Within the time resolution of our streak
system, this wavenumber represents the highest unrelaxed
energy level of the BADAN label. For the TICT state,  mT0
is ill-deﬁned for apolar environments of the label because
it is absent directly after excitation. Therefore we present
the value  mT3 at 3 ns, representing the lowest BADAN
energy level. The intensity of the high-energy component
decays bi-exponentially for all label positions, character-
ized by time constants sLD1 and sLD2 of 100–600 and
900–2,400 ps, respectively (Fig. 4a; Table 1). This range
of relaxation times is in agreement with values found for
LAURDAN in reverse micelles (Vincent et al. 2005). For
all label positions, the intensity of the low-energy com-
ponent shows an ingrowth that follows the intensity decay
of the high-energy component (Fig. 4b). Therefore the two
spectral components can be assigned to a high-energy
PICT state and a low-energy TICT state, and the time
dependency should arise from a conformational relaxation
from the PICT to the TICT state, i.e., by a conformational
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Table 1 Wavenumber positions of the PICT and TICT component ( mP0,  mT3), and characteristic time constants of intensity decay (sLD1, sLD2)
and wavenumber shift (sP
HB, sP
SR, sT
HB, sS
SR) for BADAN-labeled M13 coat protein mutants incorporated in mixed PC/PG phospholipid bilayers
Mutant D
a (nm) PICT state TICT state Label dynamics
 mP0 (cm
-1) sP
HB (ps) sP
SR (ns)  mT3 (cm
-1) sT
HB (ps) sT
SR (ns) sLD1 (ps) sLD2 (ns)
G03C 4.0 20,975 90 (0.35) 0.8 (0.65) 18,360 50 (0.30) *3 (0.70) 110 (0.30) 0.9 (0.70)
A07C 3.2 21,440 270 – 18,340 70 (0.15) 0.9 (0.85) 150 (0.15) 1.5 (0.85)
A18C 1.7 21,300 110 (0.15) 3.0 (0.85) 19,310 – 0.7 150 (0.50) 1.4 (0.50)
A25C 0.8 22,185 80 (0.35) 1.7 (0.65) 19,925 60 (0.30) 0.6 (0.70) 205 (0.15) 2.0 (0.85)
V29C 0.2 22,425 70 (0.55) 1.1 (0.45) 19,825 – – 470 (0.45) 2.4 (0.55)
T36C -0.8 22,240 80 (0.40) 1.5 (0.60) 19,115 80 (0.40) 0.9 (0.60) 590 (0.45) 2.1 (0.55)
G38C -0.4 22,360 80 (0.50) 0.9 (0.50) 20,650 140 (0.85) 1.5 (0.15) 350 (0.25) 2.2 (0.75)
Numbers in parentheses are the relative amplitudes of the corresponding exponentials
a Distance to the center of the bilayer
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123twisting arising from internal label dynamics (Koehorst
et al. 2008). Conformational twisting has been described in
the literature as one of the main processes in the ﬂuores-
cence behavior of the BADAN-related well-known lipid
bilayer probes PRODAN and LAURDAN (Abbyad et al.
2007; Lobo and Abelt 2003; Parusel et al. 1998; Vincent
et al. 2005).
The results in Table 1 demonstrate that transformation
from PICT to TICT state is characterized by two time
constants, sLD1 and sLD2. Directly after excitation (1.5 ps),
only PICT ﬂuorescence is observed in the hydrophobic core
region of the phospholipid bilayer (Fig. 4a, b). However, for
label positions in the headgroup region and water phase, the
intensity of the TICT component directly after excitation is
already 25%. This indicates that in a polar environment part
of the BADAN labels is already in a twisted conformation
in the ground state, probably facilitated by a favorable
surrounding of water molecules. Time constant sLD1
describes the fastest component for the label dynamics;
therefore, we assign this time constant to the initial step of
the conformational change in the BADAN label.
Hydrogen bonding and water dynamics
Along with the intensity change, the PICT and TICT
components red-shift bi-exponentially in time (Fig. 4c, d).
For the PICT state, one of the shifting time constants is in
the range from 70 to 110 ps (time constant sP
HB in Table 1)
and the other in the range from 0.8 to 3.0 ns (time constant
sP
SR in Table 1) for all label positions. For label positions in
the hydrophobic interior (i.e., V29C and G38C) the
*100 ps time for the shift of the PICT component is much
shorter than the characteristic time involved in conforma-
tional twisting, so it must be due to a different process. The
excited PICT state of BADAN has a strong dipolar char-
acter, leading to a partial negative charge on the oxygen
atom of its C=O group (Koehorst et al. 2008). Relaxation
of this excited state can therefore be facilitated by fast
hydrogen bonding to this group of residual water molecules
that is present in the vicinity of the BADAN label in the
hydrophobic core region of the phospholipid bilayer
(Koehorst et al. 2008). In addition to TICT formation, the
ﬂuorescence relaxation for PRODAN and LAURDAN
probes is also often partly ascribed to speciﬁc interactions
with the solvent (Artukhov et al. 2007; Balter et al. 1988;
Chapman et al. 1995;J o ´zefowicz et al. 2005; Parasassi and
Gratton 1995; Samanta and Fessenden 2000; Viard et al.
1997) and the more general solvent relaxation by reorien-
tation of the water molecules after photo-excitation of the
probe molecules [see also Koehorst et al. (2008) and ref-
erences therein].
The shift of the PICT component of V29C and G38C
(from *22,400 at 1.5 ps to 21,900 cm
-1 at 3 ns) is in good
agreement with our recent results of decomposition of
steady-state spectra of the same mutants (Koehorst et al.
2008). For example, ﬁtting of the steady-state spectra with
three Gaussian line shapes resulted in dominant contribu-
tions of a component at 23,000 cm
-1 (ascribed to a non-
hydrogen-bonded ICT state) and one at 22,000 cm
-1
(ascribed to a hydrogen-bonded ICT state). The time-
resolved data of the present study show that these two high-
energy steady-state components are a representation of the
time-averaged hydrogen bonding in the excited state.
A femtosecond ﬂuorescence study of tryptophan in
mellitin at the membrane-water interface revealed three
distinct time scales of hydration dynamics (Lu et al. 2004).
One short component (0.6–1.3 ps) was said to be close to
that of bulk water. The authors assigned a *9 ps decay
component to hydrogen-bonding water clusters that were in
a dynamic exchange with bulk and interfacial water,
whereas a *100 ps component was assigned to the motion
of ordered water molecules. Interestingly, the time range of
70–140 ps for the time constant sP
HB agrees well with this
component, indicating that sP
HB is related to hydrogen
bonding to local, slowed down (ordered) water molecules.
In line with this analysis, we assign the initial drop of the
energy of the PICT state (with respect to  mP0), which is
especially apparent outside the hydrophobic core region of
the membrane, to fast relaxation of bulk water molecules.
The relatively long ([0.8 ns) time constant sP
SR is one order
of magnitude slower than these water-related processes.
We assign this time constant to solvent relaxation after
BADAN excitation due to the slow settlement of distant
non-bulk-like water molecules and possibly phospholipid
headgroups and polar amino acid residues of the protein.
Similar slow processes have been observed in the literature
(Lu et al. 2004; Qiu et al. 2005). The time decay of the
spectral position of the TICT component has a bi-expo-
nential character. Both time constants sT
HB and sT
SRare
roughly comparable to the time constants found for
hydrogen bonding (sP
HB) and solvent relaxation (sP
SR) of the
PICT state, respectively (Table 1). These ﬁndings are
summarized in Fig. 5, which describes the photophysics
and energy level scheme of the BADAN label.
In a previous study (Koehorst et al. 2008), we presented
three states for BADAN: ICT (*23,000 cm
-1 arising from
non-hydrogen-bondedICTspecies),HICTi(*22,000 cm
-1
arising from hydrogen-bonded BADAN labels in the
immobile state), and HICTm (19,000–21,000 cm
-1 arising
from hydrogen-bonded BADAN labels in the mobile state).
However, we were unable to assign these states to the PICT
andTICTstatesofBADANbecausewewereunawareofthe
underlying dynamical processes, such as conversion of the
PICTtotheTICTstatebylabeldynamics,solventrelaxation
and hydrogen bonding. In the light of the present work, we
can improve this assignment by relating the HICTi state to
Eur Biophys J (2010) 39:647–656 653
123sterically inﬂexible BADAN in the PICT state, being unable
toconverttotheTICTstatebylabeldynamics.Onshorttime
scales, H-bonding has already taken place, so in the steady-
state ﬂuorescent experiment,alltheseBADANlabelscanbe
consideredtobehydrogenbonded.Asimilarassignmentcan
bemadefortheHICTmstate,whichisareservoirofBADAN
labelsthataredirectlyexcitedintheTICTstateaswellTICT
statesthathave originatedfromconversionofthePICTstate
bylabeldynamics.Again,alsofortheTICTstate,H-bonding
has already taken place on a short time scale. In our present
analysis, we have neglected the ICT state for the following
reasons: (1) In most cases, the ICT state has a small contri-
bution because of the presence of water molecules at almost
allpositionsoftheBADANlabel.(2)IncludingtheICTstate
in the model would have introduced more ﬁt parameters and
anincreasedcorrelationamongtheﬁttingparameters,which
wasundesired.(3)Inthepresentwork,weexcitedthesample
at400 nm,incontrasttothesteady-stateﬂuorescentdatathat
were obtained at an excitation of 380 nm. At this higher
wavelength, fewer ICT states are excited because of the red
edge effect.
Membrane proﬁling
The location and tilt of the M13 coat protein in the
phospholipid bilayer is known (Koehorst et al. 2004).
Therefore we can calculate the position D of the
BADAN label with respect to the center of the bilayer
(Table 1). This allows nanoscale proﬁling of the
BADAN parameters through the membrane. Note that as
a result of the tilt of the helix, the label at position 36 is
closer to the interfacial region than that at position 38.
Within experimental error, time constants sP
HB, sP
SR, sT
HB,
and sT
SRdo not show a clear proﬁle over the bilayer
(Table 1), probably because our analysis model has a too
limited sensitivity for these parameters. However, the
other parameters are clearly dependent on the bilayer
position of the BADAN label (Fig. 6). The spectral
positions of the PICT and TICT states increase on
entering the hydrophobic core of the membrane. This
indicates that fewer water molecules are available for
relaxing these states, which is a measure for the local
water concentration and related polarity. This ﬁnding is
PICT HB / SR
LD
HB / SR TICT
Fig. 5 Energy level scheme of the BADAN label, illustrating the
relative energies of the two excited states (i.e., PICT and TICT), the
transition from PICT to TICT (by label dynamics, LD), and relaxation
(indicated by color shading) of both states by the solvent in a general
way (SR) and via speciﬁc interactions (i.e., hydrogen bonding, HB).
The related characteristic time constants for these processes are
presented in Table 1. The black arrows indicate direct BADAN
excitation to the PICT and TICT state. The blue and red arrows
represent the ﬂuorescence from the PICT and TICT states, respec-
tively. The ﬂuorescence decay time for the TICT state is approx-
imately 3 ns, as found from time-correlated single-photon counting
experiments of BADAN-labeled M13 coat protein mutants incorpo-
rated in mixed PC/PG phospholipid bilayers (data not shown)
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Fig. 6 Membrane proﬁles of sLD1 and sLD2 (upper panel) related to
the microviscosity of the bilayer and proﬁles of  mP0 and  mT3 (lower
panel) originating from differences in local water concentration and
related polarity
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123in agreement with ﬂuorescence data obtained with ﬂuo-
rescent dye in phospholipid systems, located at various
depths in the bilayer (Hutterer et al. 1996; Jurkiewicz
et al. 2006;S y ´kora et al. 2007). On the other hand, the
label dynamics slows down on entering the headgroup
region of the membrane (increase of sLD1,2). The
dynamics further slow down on entering the hydrophobic
core of the membrane. This proﬁle is related to the local
microviscosity of the membrane system (Blatt and
Sawyer 1985). As such, our approach provides an
unprecedented nanoscale proﬁling of the dynamics and
distribution of water in membrane systems. The strongest
effects are found for the parameters  mP0 and sLD2, and it
can be seen that, especially at the region of the carbonyl
groups of the acyl chains, these parameters show a large
change. This provides clear evidence that the actual
barrier of membranes for ions and aqueous solvents is
located at this membrane region.
In our experiments M13 coat protein is used only as a
scaffolding for the BADAN label, and the results are
interpreted in terms of lipid-water bilayer dynamics.
However, as a word of caution, it should be noted that
any introduction of a ﬂuorescent label can inﬂuence the
system studied. However, recent work on BADAN-
labeled WALP peptides introduced in phospholipid
bilayers shows that the disturbing effect of BADAN is
small (Holt et al. 2009). Nevertheless, the introduction of
the transmembrane M13 coat protein may also alter the
properties of the phospholipid bilayer. Therefore, a gen-
eralization of our results to lipid-water bilayers in general
should be made with care.
Conclusion
In conclusion, we have shown that spectral decomposition
of the time-resolved ﬂuorescence data provides the char-
acteristic time constant for the twisting motion of the
BADAN label, which is sensitive to the local ﬂexibility of
the protein–lipid environment. In addition, our analysis
provides information about the mobility of the water
molecules bound to the membrane, given by the hydrogen
bonding. By knowing the precise location of the BADAN
label attached to a well-anchored membrane protein, such
as the M13 coat protein, these parameters can be mapped
on a nanoscale throughout the membrane. In addition, this
approach will provide new opportunities to obtain local
molecular information about water molecules in hetero-
geneous biosystems.
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